
NASA TT F-10,846 T .  

ION EXCHANGE AND INCREASING THE STRENGTH OF GLASS 

0. K. Botvinkin and 0. N. Denisenko 

Translation of "Ionnyy obmen i povysheniye prochnosti stekla." 
Izvestiya Akademii Nauk SSSR, Neorganicheskiye Materialy, vol. 2, 
NO. 11, pp.2029-2033, 1966. 

E IPAdESI 

2 

2 
CR OR rmx OR AD NUMBER)  

I 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D. C. 20546 April 1967 



. .  . 
L .’ NASA TT F-10,846 

UDC: 54-161.6:539.4 

I O N  EXCHANGE AND INCREASING THE STRENGTH OF GLASS 

0. K.  Botvinkin and 0. N.  Denisenko 

ABSTRACT: The stress c o e f f i c i e n t s  i n  g l a s s  r e s u l t i n g  
from ion  exchange were determined and ca l cu la t ed .  

The e s s e n t i a l  mechanism of ion  exchange c o n s i s t s  i n  t h e  exchange of a sodium /2029* 
ion  i n  g l a s s  f o r  a l i t h i u m  ion  of t h e  m e l t .  Th i s  causes  a decrease i n  t h e  co- 
e f f i c i e n t  of l i n e a r  thermal expansion (c .1 . t . e . )  i n  t h e  modified s u r f a c e  l a y e r s ,  
t hus  producing compressional stress and expansional stress i n  t h e  i n n e r  l a y e r s .  
The magnitude of t h e s e  stresses may vary and would depend on s e v e r a l  f a c t o r s .  

The stress of ord inary  shee t  glass** a f t e r  t reatment  i n  l i t h i u m  l a y e r s  was 
determined by t h e  method of gradual  gr inding o f f  El], adapted f o r  a p p l i c a t i o n  t o  
g l a s s  [ 2 ] .  

The samples, used f o r  t h e  measurements, had dimensions of 120 x 25 x 3 . 5  mm; 
they  were t r e a t e d  i n  l i t h i u m  salts f o r  1 hr  a t  58OOC. The th i ckness  of t h e  ion  
/exchange l a y e r  under t h e s e  condi t ions  reached 180-200 nm, and t h e  thidcness-of- 
t h e  i n i t i a l l y  removed layers*** d id  no t  exceed 10 nm. 

~ 

Stress  w a s  ca l cu la t ed  by an equat ion presented i n  paper  [ 2 ] .  A diagram of 
compressional stress c o e f f i c i e n t s  w a s  based on t h e  d a t a  obta ined  (Fig.  1, curve 1). 
The maximum stress w a s  reached on t h e  su r face  (3.5-3.8 kg/mm2). 

The.samples w e r e  n o t  annealed a f t e r  t reatment  i n  t h e  m e l t ,  because t h i s  
would have caused the  r e d i s t r i b u t i o n  of d i f fus ion  condi t ions .  The con t r ibu t ion  
of tempering stresses was evaluated on samples  which w e r e  correspondingly t r e a t e d ,  
b u t  n o t  immersed i n t o  t h e  m e l t .  The stress diagram for t h i s  ca se  i s  shown i n  
curve 2 of F igu re  1. These stresses a r e  s m a l l  and do no t  s i g n i f i c a n t l y  a f f e c t  t h e  
hardening upon ion  exchange. 

W e  c a l c u l a t e d  the  magnitude of stress c o e f f i c i e n t s  by a somewhat d i f f e r e n t  
method. 

A known equat ion permits  c a l c u l a t i n g  of stresses upon g laz ing  and enameling: 

\& 

\-E(t.r+*)(ql-(+)(t-3b+liP) - . _. \ 
i; - 

t - t’  being t h e  temperature d i f f e r e n c e ,  a1 - a2 the  d i f f e r e n c e  i n  c . l . t . e . ,  
k - a c o e f f i c i e n t  represent ing  t h e  r a t i o  of t h e  th i ckness  of t h e  su r face  l a y e r  
and t h e  s h e e t ,  r e spec t ive ly ,  and E - Young’s modulus. 

W e  used t h i s  equat ion f o r  c a l c u l a t i n g  t h e  stresses produced by ion  exchange. 

*Numbers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  fo re ign  t e x t .  
**Composition (wtX) 71.4 Si02; 1 . 2  Al2O3; 7.9 CaO,  3.0 MgO; 16.2 Na20; 0.2 S03. 

***The l a y e r s  w e r e  removed by p i ck l ing  i n  10% HF s o l u t i o n .  
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The values a1 and a2  w e r e  c a l c u l a t e d  by Appen's method, (under cond i t ions  
I n  t h i s  ca se  a1 = 96.5.10-7 of equimolecular exchange of sodium and l i t h ium) .  

degree-1 ( f o r  sodium g l a s s )  and a2 = 78.4.10-7 degree-1 ( f o r  l i t h i u m  g l a s s ) .  
Assuming t h a t ,  w i th  some degree of e r r o r ,  E = 7100 kg/mm2, k = 0.08 f o r  both 
g l a s s e s ,  and t h a t  t h e  d i f f e r e n c e  t - t '  = 460°C, w e  o b t a i n  t h e  va lue  o = 4 
kgf /mm2, which agrees  s a t i s f a c t o r i l y  wi th  experimental  va lues .  

A s i m i l a r  c a l c u l a t i o n  f o r  g l a s s  conta in ing  8 - 18 w t %  Na20 i n d i c a t e s  a /2030 
n e a r l y  i d e n t i c a l  magnitude of t h e  s t r e s s  c o e f f i c i e n t .  Never the less ,  an o p t i -  
mum concen t r a t ion  of Na20 e x i s t s ,  permi t t ing  t h e  achievement of a maximum in-  
crease i n  s t r e n g t h  i n  t h e  s h o r t e s t  t i m e .  Thus t h e  s t r e n g t h  and thermal s t a b i l -  
i t y  of VVS g l a s s  of t h e  Dzerzhinski p l a n t  w a s  i nc reased  2 - 2.5 times by means 
of a r e l a t i v e l y  s h o r t  t rea tment  (50-60 min). 

Recently drawn g l a s s  of 2.8 nun th ickness  w a s  used t o  c u t  60 x 60 m samples. 
The s t r e n g t h  w a s  determined on t h e  WPM t e n s i l e  tester, us ing  a technique de- 
veloped on paper [3 ] .  A l l  s amples  w e r e  assigned t o  t h r e e  groups: l - i n i t i a l  
g l a s s ,  2 - thermally t r e a t e d  g l a s s ,  and 3 - g l a s s  s t rengthened  by t h e  ion  ex- 
change method*. 
curves of s t r e n g t h  d i s t r i b u t i o n .  

The r e s u l t s  are presented i n  F igure  2 by t h e  corresponding 

Fig.  1. Diagrams of S t r e s s  Coeffi-  Fig.  2 .  St reng th  D i s t r i b u t i o n  of Glass 
c i e n t s  (1) and Tempering a f t e r  Ion  Exchange 
S t r e s s e s  (2)  

1 - i n i t i a l  g l a s s ;  2 - semitempered; 3 - s t rengthened  by t h e  ion  exchange method. 

The d o t t e d  p a r t  of curve  3 i n d i c a t e s  t h e  es t imated  s t r e n g t h  of samples which 
were n o t  des t royed  a t  t h e  maximum load on t h e  i n d i c a t e d  appara tus .  

In g l a s s  conta in ing  l e s s  than 7 w t %  R20, d i f f u s i o n  of a l k a l i  c a t i o n s  does 
n o t  occur  t o  a s i g n i f i c a n t  extent, s i n c e  they a l l  have ex tens ive  s t a b i l i t y  i n  t h e  
s i l i c o n  oxide  groups, and a very  h igh  Ea ( a c t i v a t i o n  energy) is requ i r ed  f o r  t h e  
i n i t i a t i o n  of i on  exchange, 
f r e e  13-B** g l a s s  i n  l i t h i u m  salts .  A s  expected, several hours of t rea tment  of 

We s tud ied  t h e  long-standing t rea tment  of a l k a l i -  

*Every group comprises 70 samples. 
**Composition (wt%): 63.5 Si02, 15.5 Al2O3; 2 Na20; 1 3  CaO,  4 MgO.1 
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t h i s  g l a s s  i n  t h e  m e l t  a t  700°C w a s  no t  s u f f i c i e n t  f o r  formation of an unident i -  
f i a b l e  d i f f u s i o n  l a y e r .  An i n c r e a s e  i n  mechanical s t r e n g t h  w a s  also no t  de t ec t ed  
i n  samples of 13-B g l a s s ,  t r e a t e d  i n  t h e  e u t e c t i c  m e l t  of l i t h i u m  and potassium 
s u l f a t e s  ( t rea tment  t i m e  60 min). 

B o r o s i l i c a t e  a l k a l i n e  g l a s s  can be hardened by ion  exchange i f  t h e  B 2 0  con- 
c e n t r a t i o n  does no t  exceed 2 - 4 w t % .  This can be explained p r imar i ly  by t h e  
h ighe r  packing dens i ty  of t he  s t r u c t u r e  of a l l  g l a s s e s  conta in ing  B203, which 
causes  a decrease  i n  ion  mobi l i ty .  Moreover, t h e  magnitude of t h e  c.1.t.e. fac-  
t o r  i s  smaller f o r  b o r o s i l i c a t e  g l a s s  than f o r  s i l i c a t e  g l a s s ,  so t h a t  t h e  d i f -  
f e r ence  a1  - a2 is small .  

The method of ion  exchange a p p e a r s  t o  be very i n t e r e s t i n g  and promising 
f o r  t h e  s t r e n g t h  inc rease  of a luminos i l i ca t e  g l a s s .  I f  such g l a s s  con ta ins  a 
s u f f i c i e n t  amount of Na20 o r  K20,  t reatment  i n  l i t h i u m  sa l t s  causes  t h e  ex- 
change of Na+  t o  Li+ o r  K+ t o  Li+.  Since i n  g l a s s  of t h i s  type t h e  Si4+ ions  
are  p a r t l y  rep laced  by A l 3 + ,  t h e  s m a l l  l i t h ium ions  must f i l l  i n  t h e  voids  of 
t h e  s t r u c t u r e  i n  o rde r  t o  preserve t h e  e l e c t r o n e u t r a l i t y .  The presence of a 
s u r f a c e  l a y e r ,  capable  of forming a f t e r  thermal t rea tment ,  6-spodumene o r  6- 
e u c r y p t i t e  w i t h  nega t ive  c . l . t .e . ,  considerably inc reases  t h e  a1 - a2 d i f -  
f erence.  

12031 

The r e a l i z a t i o n  of stress c o e f f i c i e n t s  f o r  s i l i ca te  a l k a l i n e  g l a s s  is  only  
p o s s i b l e  i f  t h e  s u r f a c e  is  no t  destroyed during t h e  t rea tment .  

Because of t h e  presence on the  i n i t i a l  g l a s s  s u r f a c e  of a l l  kinds of 
c racks ,  micro- and macrodiscont inui t ies ,  t he  d i f f u s i o n  exchange of Na+ t o  L i f  
does n o t  proceed homogeneously over  t he  contact  f a c e  between g l a s s  and m e l t .  
Channels and depress ions  may form i n  the  g lass ,  and, i n  t h i s  manner, t h e  pro- 
cess of d i f f u s i o n  a l s o  develops.  The formation of depress ions  causes  an in -  
c r e a s e  i n  t h e  s u r f a c e  area, and, u l t i m a t e l y ,  an inc rease  i n  t h e  adhesion of 
g l a s s  and m e l t .  On cool ing,  t h e  g l a s s  develops a rough s u r f a c e  wi th  c u t s  and 
cohesion c racks .  The e l e c t r o n  micrograph of t h e  s u r f a c e  of such g l a s s  is 
shown i n  F igure  3a-k. I f  a l k a l i  meta l  b i s u l f a t e  add i t ions  are used i n  t h e  
m e l t  [4], t h e  s u r f a c e  of t h e  t r e a t e d  g l a s s  is no d i f f e r e n t  from t h e  i n i t i a l  
material, and a l l  nonuniformity and roughness d isappears  (Fig.  3b) .  

W e  s t u d i e d  t h e  processes  occurr ing  on t h e  i n t e r f a c e  g l a s s  - m e l t  wi th  ad- 
d i t i v e s  - and w e  explained t h e  cause of t h e  b i s u l f a t e  e f f e c t ,  inc luding  t h e  re- 
gene ra t ion  and even s l i g h t  improvement of t h e  g l a s s  su r face .  

S ince  t h e  in t roduc t ion  of a d d i t i v e s  occurs a t  a comparatively h igh  t e m -  
p e r a t u r e ,  t h e  uns t ab le  b i s u l f a t e s  (e .g . ,  of potassium) decompose immediately 
i n t o  p y r o s u l f a t e  and water: 

*Carr ied ou t  by N .  M. Vaysfel 'd  on a "Tesla" microscope. 
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Fig .  3. Elec t ron  Micrographs of t h e  Surface  of Treated Glass: 

a - without  a d d i t i v e s ;  b - with  a d d i t i v e s  

P y r o s u l f a t e  i s  a l s o  uns tab le :  

The double s a l t  K2S04'KHS04, which l a t e r  decomposes t o  potassium s u l f a t e ,  12032 
s u l f u r o u s  gas ,  and water, shows g r e a t e r  s t a b i l i t y  a t  t h e  t rea tment  temperature.  
The h igh ly  a c t i v e  water formed by t h e s e  r eac t ions  can d i s s o l v e  s i l i ca ,  i . e . ,  
cause c leavage  of S i - 0  bonds and transform s i l i c a  from ske le ton  i n t o  molecular 
form. 

The appearance of t h e  s i l i ca  hydra te  and t h e  presence of a l k a l i  metal s u l -  
f a t e s  make f e a s i b l e  r e a c t i o n s  which form s i l i c a t e s  of l i t h ium,  sodium and po- 
tassium. The i n i t i a l  temperature f o r  these  r e a c t i o n s  is 1100-1200°C [5-61, 
bu t  t h e  presence of h ighly  a c t i v e  water  i n  t h e  m e l t  f avo r s  t h e  formation of 
s i l i c a t e  i n  t h e  temperature  region of 580-600°C [7-81, corresponding t o  t h e  
so f t en ing  of t h e  g l a s s :  

(Me)2SO4 + HzO + nSiO2 -+ (Mc)zO-nSiO2 + HzO + so3. ( 3) 

A f a c t o r  c o n t r i b u t i n g  t o  t h e  f e a s i b i l i t y  of t h i s  r e a c t i o n  is the l i t h i u m  
s i l i c a t e  g l a s s  composition of t h e  su r face  l a y e r ,  wi th  a s o f t e n i n g  p o i n t  t h a t  is  
60" lower than  t h e  t rea tment  temperature.  This  i s  a c t u a l l y  a h ighly  v iscous  l i q u i d .  

Upon t h e  i n t e r a c t i o n  of s i l i c a t e s  and s u l f a t e s  of a l k a l i  metals w e  observe 
t h e  l i m i t e d  mutual s o l u b i l i t y  of t h e s e  s a l t s  and, as a consequence, t h e  phenomenon 
of l i q u e f a c t i o n .  Two immixable l i q u i d s  a r e  formed, which have an extremely s m a l l  
degree of s u r f a c e  t ens ion ,  and a boundary which r ep resen t s  an i d e a l  plane.  The 
d i s t r i b u t i o n  t h a t  i s  v a l i d  f o r  immixable l i q u i d s  determines t h e  normal d i f f u s i o n  
process  of Na+ from t h e  g l a s s  and of Li+ i n t o  t h e  g l a s s .  
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An a d d i t i o n a l  r e s u l t  of t h e s e  processes is  t h a t  t h e  s u r f a c e  d e f e c t s  d i s -  
appear  and t h e  s t r e n g t h  of t h e  t r e a t e d  g l a s s  i nc reases  markedly. 

CONCLUSIONS 

The stress c o e f f i c i e n t s  i n  g l a s s  r e s u l t i n g  from ion  exchange were de te r -  
mined and c a l c u l a t e d  experimental ly .  Corresponding r e s u l t s  f o r  bo th  methods 
were obta ined .  

Curves of s t r e n g t h  d i s t r i b u t i o n  f o r  the  i n i t i a l  and t h e  t r e a t e d  g l a s s  were 
p l o t t e d  and t h e  s t r e n g t h  of t h e  g l a s s  a f t e r  ion  exchange w a s  shown t o  exceed t h e  
i n i t i a l  va lue  by 2-2.3 t i m e s .  

The advantages of t h e  a p p l i c a t i o n  of t h e  ion  exchange method f o r  t h e  f o r t i f i -  
c a t i o n  of a l u m i n o s i l i c a t e  g l a s s e s  w e r e  enumerated. 

The mechanism of t h e  a d d i t i v e  a c t i v i t y  of a l k a l i  m e t a l  b i s u l f a t e s  w a s  
explained.  
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